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bles,	 including	 chemical,	 physical,	 and	 hydromorphological	 characteristics	 to	
determine	the	suitable	habitat	for	reintroduction	of	brown	trout	in	the	Zwalm	River	
basin	(Flanders,	Belgium),	which	is	included	in	the	Habitats	Directive.	Mean	stream	
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1  | INTRODUC TION
Ecological	 water	 quality	 reached	 an	 absolute	 minimum	 status	
during	 the	 1990s	 in	 many	 European	 rivers	 (EEA,	 2015;	 Romero	
et	al.,	2016).	Both	large	and	small	rivers	suffered	from	hydromor-





Van	 den	 Brink,	 &	 Van	 der	 Velde,	 1992).	 Since	 the	 enforcement	
of	 the	 European	 Water	 Framework	 Directive	 (EWFD)	 in	 2000,	
the	 ecological	 water	 quality	 has	 drastically	 improved	 in	 many	
European	waters	 (EEA,	 2015;	Hering	 et	al.,	 2010;	 Romero	 et	al.,	
2016),	 allowing	 the	 recolonization	 and	 restoration	of	 freshwater	
biota.
Recently,	 the	status	of	native	 freshwater	 fish	 species	and	 lam-








quality,	especially	 in	 large	rivers.	However,	overall	water	quality	 in	




(Leuciscus leuciscus),	 and	brown	 trout	 (Salmo trutta	 forma	 fario)	 are	
still	categorized	as	vulnerable	in	Flanders.
The	EWFD	aims	 to	obtain	 a	 good	ecological	 status	 for	 all	 sur-
face	waters	by	2027.	For	this,	further	measures	are	needed	(Carrizo	
et	al.,	2017;	Hering	et	al.,	2010).	Currently,	the	commission	on	inte-
grated	water	management,	which	 is	 responsible	 for	 the	 follow-	up	
of	the	water	quality	in	Flanders,	has	assigned	different	priorities	to	










tion	 of	 rare	 and	 endangered	 species.	 As	 a	 result	 of	 restoration	
efforts	 (i.e.,	 installation	 of	wastewater	 treatment	 plants	 and	 the	














it	 increases	biodiversity,	and	above	all	 the	species	acts	as	an	 “am-
bassador	species”	leveraging	support	for	biodiversity	conservation.






Ladle,	 &	 Milner,	 2003;	 Vismara,	 Azzellino,	 Bosi,	 Crosa,	 &	 Gentili,	













Goethals,	 &	Martínez-	Capel,	 2011).	More	 specifically,	 data-	driven	
and	 knowledge-	based	 habitat	 suitability	 models	 have	 often	 been	
used	to	assess	and	to	predict	the	area	that	is	suitable	for	a	species	
to	establish	and	reproduce	(e.g.,	Boets,	Pauwels,	Lock,	&	Goethals,	






















In	Figure	1,	 the	methodology	for	this	case	study	 is	 illustrated.	The	
aim	of	this	approach	was	to	develop	a	model	for	brown	trout	at	the	




(Phillips,	 Anderson,	&	 Schapire,	 2006)).	Habitat	 preference	 curves	
(HPCs)	were	 used	 for	 the	mathematical	 formulation	 of	 the	model	













for	which	observations	 for	 all	 abiotic	 features	were	 available.	The	
latter	was	important,	since	this	induced	a	restriction	on	the	number	
of	 available	data	points	 for	model	optimization.	By	 separating	 the	







2.1 | Data collection and data processing
For	development	of	 the	model,	we	used	data	 that	 have	been	 col-
lected	 by	 the	 Research	 Institute	 for	 Nature	 and	 Forest	 (INBO)	
during	 ongoing	 monitoring	 programs	 to	 assess	 the	 occurrence	
of	 fish	 and	 to	 determine	 the	 biotic	water	 quality	 based	 on	 fish	 in	
Flanders	 (referred	 to	 as	 “INBO	 data	 set”)	 (Figure	2).	 Occurrence	
data	 of	 brown	 trout	 were	 retrieved	 from	 the	 Fish	 Information	
System	 (VIS;	Brosens	et	al.,	 2015)	 that	was	accessed	 from:	http://
www.gbif.org/dataset/823dc56e-f987-495c-98bf-43318719e30f.	
Hydromorphological	 variables	 linked	 to	 the	 occurrence	 data	were	
retrieved	 from	 INBO	 as	 well.	 For	 detailed	 information	 about	 the	
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the	physicochemical	data	collection,	we	refer	to	the	Web	site	of	the	








ecologically	 relevant,	 (4)	 was	 the	 considered	 variable	 relevant	 for	





From	 the	 INBO	 and	 VMM	 data	 set,	 three	 data	 sets	 were	 ob-
tained:	one	presence	data	set	for	model	construction	of	the	HPCs	
(through	 derivative	 statistics),	 one	 presence/absence	 data	 set	 for	
model	optimization,	and	one	input	data	set	for	the	simulations.	The	
first	 data	 set	was	 compiled	 from	 the	 INBO	data	 set	 containing	 all	
presence	 instances	 of	 Flanders	 (166	 records),	whereas	 in	 the	 sec-
ond	set	only	records	which	had	a	value	for	all	abiotic	features	were	
retained	 (25	 records).	 For	 the	 latter,	 25	 records	were	 retained	 as	





2.2 | Conceptual model and theoretical basis
Filter	theory	and	niche	theory	were	used	to	shape	the	conceptual	
model	of	the	suitability	models.	Using	filter	theory,	we	aimed	to	





each	of	 these	abiotic	 filters	 in	order	 to	 reflect	 the	 fundamental	
niche	 in	 which	 species	 were	 able	 to	 survive.	 This	 fundamental	
niche	was	assumed	to	be	only	shaped	by	abiotic	features	and	not	
by	 dispersal	 and	 species	 interaction	 effects	 (Guisan	 &	 Rahbek,	
2011).	In	practice,	it	was	highly	likely	that	the	realized	niche,	i.e.,	
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TABLE  1 Overview	of	the	available	data	and	the	reason	for	variable	exclusion
Variable Inclusion Unit Values Reason exclusion
Presence	of	algaea X — Present	or	absent
Area m2 Continuous	value Area	was	related	to	the	sampling	area,	which	
was	independent	of	the	species	presence/
absence
Average	depth X m Continuous	value
Bankb X — Strengthened,	partly	strength-
ened,	or	natural
River	bank	slopeb X — Gradual,	average,	steep




Brackish P/A Yes	or	no All	considered	systems	in	this	study	were	
freshwater	systems
Conductivity X μS/cm Continuous	value
Curvatureb X Present	or	absent
Dissolved	oxygen X mg O2	L
−1 Continuous	value
Distance	from	spring — Continuous	value Pooled	variables	not	directly	indicating	the	
cause	of	presence/absence	were	omitted













pH X — Continuous	value
Presence	of	poolsb X P/A Present	or	absent
Presence	of	rifflesb X P/A Present	or	absent




Substrateb X — Mixed,	fine,	sand,	stone
Water	temperature X °C Continuous	value
Tidal P/A Yes	or	no All	considered	systems	in	this	study	were	
nontidal	systems
Transparency M Continuous	value Correlation	(r = .75*	with	average	depth)
Turbidity X NTU Continuous	value
Mean	reach	velocity X m/s Continuous	value
Water	depth — ? Insufficient	metadata
River width X m Continuous	value
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as	 this	 is	 the	 niche	 which	 was	 observed	 in	 the	 field.	 However,	
Beale	and	Lennon	 (2012)	 stated	 that	 it	 is	preferable	 to	model	a	
fundamental	niche	rather	than	a	realized	niche,	because	the	nar-
rower	 precision	of	 a	 realized	niche	 likely	 underestimates	model	














response	 of	 the	 species	 over	 the	 entire	 range	 of	 abiotic	 condi-
tions	 in	which	 the	 species	 can	 survive,	 so	 to	 reflect	 the	 funda-
mental	niche.	The	curves	were	assumed	to	have	a	nonsymmetric	
unimodal	 trapezoid	 shape	 as	 a	 simplification	of	 the	 bell-	shaped	
curve.	These	 curves	 can	be	 asymmetric,	 allowing	 to	 skew	away	

















of	 the	variables.	 It	 is	 important	 to	note	 that	 the	25	and	75	per-














ered	to	reflect	 the	 interference	of	different	environmental	 factors	
as	defined	in	the	niche	theory	of	Hutchinson	(1957).	In	this	model,	it	
was	considered	that	unsuitable	conditions		(i.e.,	xj:	SI	(xj	=	0)),	caused	
by	 abiotic	 features,	 cannot	 be	 compensated	 by	 other	 features	
(Langhans,	Reichert,	&	Schuwirth,	2014).	In	addition,	the	multiplied	
SI	values	were	relaxed	by	the	root	(i.e.,	1/m).
2.4 | Model optimization and ensemble approach
The	 SDMIT	 implemented	 by	 Gobeyn	 et	al.	 (2017)	 (https://github.











For	 the	 optimization,	 the	 INBO	 data	 were	 used	 to	 generate	
a	 training	data	 set.	Here,	background	absence	samples	 from	 the	




prevalence	 dependency	 of	 the	 objective	 function	 used	 for	 the	
optimization	 (Mouton,	De	Baets,	&	Goethals,	 2010).	 In	 addition,	
the	chance	that	a	background	record	was	selected	for	the	training	





unit.	 As	 a	 consequence,	 the	 effect	 of	 geographical	 filtering	was	
eliminated.
In	 order	 to	 account	 for	 uncertainties	 caused	 by	 the	 imperfec-
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the	 discrimination	 capacity	 of	 the	model.	 A	model	with	 good	 dis-
crimination	 ability	 is	 a	 model	 that	 can	 correctly	 discriminate	 be-
tween	 species	 presence	 and	 absence	 observed	 in	 the	 data.	 For	 a	









tion	 of	 the	 habitat	 suitability	 for	 brown	 trout	 in	 the	 Zwalm	 River	
basin.	The	streams	in	the	Zwalm	River	basin	range	from	nearly	pris-
tine	headwaters	to	severely	impacted	reaches	near	the	mouth	of	the	





The	 input	 data	 used	 for	 this	 scenario	were	 based	 on	 the	 data	






















average—observed	 at	 higher	 velocities,	 suggesting	 that	 their	 opti-
mal	preference	for	stream	velocity	was	located	in	rivers	with	higher	







The	 support	 and	 uncertainty	 for	 the	HPCs	 identified	with	 the	
SDMIT	 package,	 analyzed	 for	 200	models,	 are	 shown	 in	 Figure	4.	








1 if HSI≥ threshold




















tives;	and	D,	the	true	negatives.	N = A +	B +	C +	D	(Mouton	et	al.,	2010).
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were	 fitted	 better	 than	 the	 absences	 (i.e.,	 Sn>Sp);	 however,	 the	






3.2 | Ensemble forecast for the Zwalm River basin
The	model	ensemble	was	used	to	run	a	simulation	of	the	habitat	




In	Table	3,	 the	 results	of	 the	minimum	of	ensemble	 simulated	SI	
values	for	every	input	variable	are	shown.	In	this	table,	only	points	
with	a	HSI	lower	than	0.6	are	reported,	since	this	was	the	median	
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were	mainly	 concentrated	 in	 the	 side	 branches	 (tributaries)	 and	
not	in	the	main	river	(i.e.,	northeast,	Molenbeek,	in	the	south,	up-
stream	in	the	Slijpkotmolenbeek,	Zwalmbeek,	and	Wijlegemsebeek	
or	 in	 the	 southwest	 in	 Paardestokbeek	 and	 Krombeek).	 In	 gen-
eral,	a	large	number	of	unsuitable	locations	were	estimated	to	be	





was	 in	general	suboptimal,	being	too	 low	(∊	 [0.21–0.39]	m/s);	 for	













It	 is	 important	to	note	that	the	uncertainty	for	points	with	a	 low	
HSI	was	generally	higher.	Typically,	these	conditions	refer	to	con-
ditions	on	the	slope	of	the	suitability	curves	(see	Figure	3),	which	
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trout	in	the	Zwalm	River	basin.	The	aim	was	to	provide	performant	
models	 in	 terms	of	precision	 and	accuracy,	 but	 also	 flexibility	 and	
transparency	of	the	model	structure.	We	followed	a	three-	step	ap-
proach:	(1)	the	development	of	a	conceptual	model	based	on	niche	
theory	 and	 filter	 theory	 to	 model	 construction	 with	 derivatives	
from	a	presence	data	set,	(2)	the	search	for	alternative	models	with	
a	presence/absence	data	set,	and	(3)	the	use	of	an	optimization	al-
gorithm.	 Although	 the	 final	 end-	product	 was	 mainly	 data	 driven,	
the	model	does	reflect	prior	knowledge	embedded	in	niche	and	fil-
ter	 theory	 in	 its	model	 concept.	 In	 contrast	 to	many	 available	 ap-














&	Mouton,	2012).	 In	our	 study,	 the	boundaries	of	 the	HPCs	were	
based	on	 the	median	of	 the	minimum	and	maximum	values	of	 the	
environmental	field	data,	whereas	the	optimal	range	was	based	on	








that	 is	 biologically	 more	 relevant	 and	 closer	 to	 reality	 compared	




















ensures	 reliable	decision	 support	 in	 river	management	and	policy-	
making	(D’heygere	et	al.,	2006).	Although	water	temperature,	mean	






The	performance	of	 the	ensemble	models	 generated	 in	 this	 study	
could	be	considered	good	since	the	average	performance	of	the	dif-
ferent	 performance	 criteria	was	 higher	 than	 0.7.	 Indeed,	 previous	
studies	have	shown	that	CCI	values	higher	than	70%	and	kappa	val-
ues	higher	 than	0.6	 indicate	 reliable	models	 (Gabriels	 et	al.,	 2007;	
Mouton	et	al.,	2010).































fore,	most	 studies	only	 considered	hydromorphological	 river	 char-
acteristics	(e.g.,	Strakosh	et	al.,	2003;	Vismara	et	al.,	2001)	to	assess	
the	 optimal	 occurrence	 conditions	 for	 brown	 trout.	 In	 this	 study,	




stream	velocity,	 hiding	opportunities,	 and	presence	of	 pools	were	
selected	by	the	model	as	the	most	important	variables	explaining	the	





2011;	 Muñoz-	Mas,	 Vezza,	 Alcaraz-	Hernández,	 &	 Martínez-	Capel,	
2016;	Strakosh	et	al.,	2003;	Vismara	et	al.,	2001).
Recent	 research	 has	 indicated	 that	 water	 temperature	 and	 a	
species	thermal	niche	are	considered	important	factors	determining	
the	maximum	distribution	of	brown	trout	in	Spanish	Mediterranean	






occurred	 is	 situated	 around	 20°C.	 Although	 our	 model	 indicated	
temperatures	 between	 15	 and	 17°C	 as	 suboptimal,	 these	 values	
are	 still	 below	 the	 thermal	 niche	 of	 adult	 brown	 trout	 in	 Spanish	





fast-	flowing	 streams	 and	 rivers	 with	 a	 relatively	 high	 vegetation	
cover.	The	upper	parts	of	the	Zwalm	River	basin	are	fed	by	sources	
which	supply	groundwater	at	a	steady	cool	temperature	the	whole	




whereas	other	 studies	 indicated	 that	 the	optimal	 range	 for	brown	
trout	is	situated	lower,	with	a	maximum	of	around	0.2	m/s	(Strakosh	
et	al.,	2003;	Vismara	et	al.,	2001).	Vismara	et	al.	 (2001)	 found	that	










indicated	 that	 the	presence	of	 pools	 and	hiding	opportunities	 be-
comes	more	important	(compared	to	stream	velocity)	as	trout	grows	
and	becomes	older	 (Ayllón	et	al.,	2009).	Ayllón	et	al.	 (2009)	 found	
that	the	interaction	between	presence	of	pools	and	stream	velocity	
seems	to	be	driven	by	the	structural	overhead	cover	and	the	type	















leading	 to	 31	 presence	 records	 useful	 for	 model	 construction	 (in	
contrast	to	166	when	using	all	samples).	With	these	samples,	HPCs	




lower	 stream	 velocities	 (see	 supporting	 information	 [A])	were	 ob-








The	 assessment	 of	 longitudinal	 connectivity	 of	 the	 river	 sys-
tem	 and	 the	 effect	 of	 dams	 and	weirs	 is	 an	 important	 aspect	 for	















speed	 was	 not	 considered	 since	 previous	 research	 conducted	 by	
Ovidio,	Baras,	Goffaux,	Birtles,	and	Philippart	(1998)	in	the	southern	
part	 of	Belgium	has	 indicated	 that	 brown	 trout	 can	migrate	up	 to	
5	km	per	night.	Given	the	relatively	limited	size	of	the	Zwalm	River	
basin	(11,650	ha)	and	the	limited	length	of	the	Zwalm	River	(22	km),	
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migration	 was	 not	 considered	 a	 limiting	 factor	 for	 the	 species	 to	
reach	all	suitable	habitats	within	the	River	Zwalm.
4.3 | Suitable habitat for reintroduction and 




is	 less	 suitable.	The	major	 limiting	 factor	 for	 the	main	 river	 seems	
to	be	stream	velocity,	which	is	often	too	low.	The	locations	and	by	
extension	 several	 stretches	of	 the	Zwalm	River	 basin	 indicated	 as	
















trout,	 but	 also	of	 other	 rheophilic	 species	 such	 as	dace	 and	 chub.	
Indeed,	recent	investigations	have	shown	that	the	reintroduction	of	
both	species	seems	to	be	successful	in	the	Zwalm	River	basin	(Dillen	




provement	 in	 the	habitat	 for	 adults	 and	 juveniles,	 but	 also	on	 the	
restoration	of	available	spawning	grounds.
In	conclusion,	habitat	suitability	modeling	can	be	used	as	an	im-
portant	 tool	 to	 support	 the	 reintroduction	of	 species.	Our	 results	
indicate	that	several	locations	within	the	Zwalm	River	basin	are	suit-
able	for	the	reintroduction	of	brown	trout.	Water	temperature	and	






We	would	 like	 to	 thank	 the	Flemish	Environment	Agency	and	 the	
Research	 Institute	 for	 Nature	 and	 Forest	 for	 providing	 data	 on	
brown	trout	and	on	the	Zwalm	River	basin.	The	computational	 re-
sources	 (Stevin	 Supercomputer	 Infrastructure)	 and	 services	 used	
in	 this	 work	 were	 provided	 by	 the	 VSC	 (Flemish	 Supercomputer	
Centre),	funded	by	Ghent	University,	the	Hercules	Foundation	and	
the	Flemish	Government—department	EW.





Boets	 designed	 the	methodology	 and	 analyzed	 the	 results.	 Pieter	
Boets	 collected	 the	 data.	 Pieter	Boets	 and	 Sacha	Gobeyn	 led	 the	
writing	of	 the	manuscript.	All	 authors	 contributed	 critically	 to	 the	
drafts	and	gave	final	approval	for	publication.
ORCID
Pieter Boets  http://orcid.org/0000-0001-8183-328X 
Sacha Gobeyn  http://orcid.org/0000-0002-4615-6655 
R E FE R E N C E S
Adriaenssens,	V.,	De	Baets,	B.,	Goethals,	P.	L.	M.,	&	De	Pauw,	N.	(2004).	
Fuzzy	 rule-	based	 models	 for	 decision	 support	 in	 ecosystem	 man-
agement.	Science of the Total Environment,	319(1),	1–12.	https://doi.
org/10.1016/S0048-9697(03)00433-9
Ahmadi-Nedushan,	 B.,	 St-Hilaire,	 A.,	 Bérubé,	 M.,	 Robichaud,	 É.,	
Thiémonge,	N.,	&	Bobée,	B.	(2006).	A	review	of	statistical	methods	
for	the	evaluation	of	aquatic	habitat	suitability	for	instream	flow	as-
sessment.	River Research and Applications,	22(5),	 503–523.	 https://
doi.org/10.1002/(ISSN)1535-1467
Allouche,	 O.,	 Tsoar,	 A.,	 &	 Kadmon,	 R.	 (2006).	 Assessing	 the	 accuracy	
of	species	distribution	models:	Prevalence,	kappa	and	the	true	skill	
statistic	(TSS).	Journal of Applied Ecology,	43,	1223–1232.	https://doi.
org/10.1111/j.1365-2664.2006.01214.x
Araújo,	M.	B.,	&	New,	M.	 (2007).	Ensemble	 forecasting	of	 species	dis-






Austin,	 M.	 P.	 (2007).	 Species	 distribution	 models	 and	 ecological	 the-
ory:	 A	 critical	 assessment	 and	 some	 possible	 new	 approaches.	
Ecological Modelling,	 200,	 1–19.	 https://doi.org/10.1016/j.
ecolmodel.2006.07.005
Ayllón,	D.,	Almodóvar,	A.,	Nicola,	G.	G.,	&	Elvira,	B.	 (2009).	 Interactive	
effects	 of	 cover	 and	 hydraulics	 on	 brown	 trout	 habitat	 selection	
patterns.	River Research and Applications,	25,	1051–1065.	https://doi.
org/10.1002/rra.1215
Beale,	 C.	M.,	&	 Lennon,	 J.	 J.	 (2012).	 Incorporating	 uncertainty	 in	 pre-
dictive	 species	 distribution	 modelling.	 Philosophical Transactions 
of the Royal Society B,	 367,	 247–258.	 https://doi.org/10.1098/
rstb.2011.0178
Belpaire,	 C.,	 Smolders,	 R.,	 Auweele,	 I.	 V.,	 Ercken,	 D.,	 Breine,	 J.,	 Van	
Thuyne,	 G.,	 &	 Ollevier,	 F.	 (2000).	 An	 Index	 of	 Biotic	 Integrity	
characterizing	 fish	 populations	 and	 the	 ecological	 quality	 of	
5204  |     BOETS ET al.
Flandrian	water	bodies.	Hydrobiologia,	434(1–3),	17–33.	https://doi.
org/10.1023/A:1004026121254






Dikerogammarus villosus. River Research and Applications,	30(4),	403–
412.	https://doi.org/10.1002/rra.2658
Branco,	 P.,	 Segurado,	 P.,	 Santos,	 J.	 M.,	 &	 Ferreira,	 M.	 T.	 (2014).	
Prioritizing	 barrier	 removal	 to	 improve	 functional	 connectivity	
of	 rivers.	 Journal of Applied Ecology,	 51,	 1197–1206.	 https://doi.
org/10.1111/1365-2664.12317
Brosens,	 D.,	 Breine,	 J.,	 Van	 Thuyne,	 G.,	 Belpaire,	 C.,	 Desmet,	 P.,	 &	
Verreycken,	H.	(2015).	VIS—A	database	on	the	distribution	of	fishes	
in	 inland	 and	 estuarine	waters	 in	 Flanders,	 Belgium.	ZooKeys,	475,	
119.	https://doi.org/10.3897/zookeys.475.8556
Carrizo,	 S.	 F.,	 Lengyel,	 S.,	 Kapusi,	 F.,	 Szabolcs,	 M.,	 Kasperidus,	 H.	 D.,	
Scholz,	M.,	…	Darwall,	W.	(2017).	Critical	catchments	for	freshwater	
biodiversity	conservation	in	Europe:	Identification,	prioritisation	and	






Optimisation	 of	 Artificial	 Neural	 Network	 (ANN)	 model	 design	




was	 the	 invasion	 of	 the	 river	 Rhine	 by	Corophium curvispinum	 and	
Corbicula	 species	 so	 successful?	 Journal of Natural History,	 26(6),	
1121–1129.	https://doi.org/10.1080/00222939200770651
D’heygere,	T.,	Goethals,	P.	 L.	M.,	&	De	Pauw,	N.	 (2006).	Genetic	algo-
rithms	 for	 optimisation	of	 predictive	 ecosystems	models	 based	on	
decision	trees	and	neural	networks.	Ecological Modelling,	195(1),	20–
29.	https://doi.org/10.1016/j.ecolmodel.2005.11.005
Dillen,	 A.,	Martens,	 S.,	 Baeyens,	 R.,	 Van	 Gils,	W.,	 &	 Coeck,	 J.	 (2005).	
Habitatevaluatie en biotoopherstel ten behoeve van de visfauna in zones 
van de Habitatrichtlijn.	Rapport	van	het	Instituut	voor	Natuurbehoud	
IN.R.2005.03,	Brussel,	Belgium.
Dillen,	A.,	&	Meulebrouck,	K.	(2009).	Eerste Evaluatie van de herintroductie 
van beekforel in de Terkleppebeek.	Rapport	van	het	Agentschap	voor	
Natuur	en	Bos	(ANB,	cel	beleidsuitvoering),	10	pp.
Dillen,	 A.,	 &	 Vlietinck,	 K.	 (2008).	 Recovery programmes for endangered 
freshwater fish in Flanders, Belgium.	EIFAC	Symposium	on	Interactions	





explanation	 and	 prediction	 across	 space	 and	 time.	 Annual Review 






Gabriels,	W.,	 Goethals,	 P.	 L.	M.,	 Dedecker,	 A.	 P.,	 Lek,	 S.,	 &	 De	 Pauw,	
N.	 (2007).	 Analysis	 of	 macrobenthic	 communities	 in	 Flanders,	
Belgium,	 using	 a	 stepwise	 input	 variable	 selection	 procedure	with	
artificial	neural	networks.	Aquatic Ecology,	41,	427–441.	https://doi.
org/10.1007/s10452-007-9081-7
Gobeyn,	 S.,	 Martin,	 V.,	 Dominguez-Granda,	 L.,	 &	 Goethals,	 P.	 L.	 M.	
(2017).	 Input	variable	selection	with	a	simple	genetic	algorithm	for	
conceptual	species	distribution	models:	A	case	study	of	river	pollu-






Guisan,	 A.,	 Lehmann,	 A.,	 Ferrier,	 S.,	 Austin,	 M.	 P.,	 Overton,	 J.	 M.	 C.,	
Aspinall,	R.,	&	Hastie,	T.	(2006).	Making	better	biogeographical	pre-












mendations	for	the	future.	Science of Total Environment,	408,	4007–
4019.	https://doi.org/10.1016/j.scitotenv.2010.05.031
Hirzel,	 A.	 H.,	 &	 Le	 Lay,	 G.	 (2008).	 Habitat	 suitability	 modelling	 and	
niche	theory.	Journal of Applied Ecology,	45,	1372–1381.	https://doi.
org/10.1111/j.1365-2664.2008.01524.x
Hosmer,	D.,	&	Lemeshow,	S.	 (2000).	Applied logistic regression,	2nd	ed.	
New	York,	NY:	Addison	Wiley-Interscience	Publication,	John	Wiley	
and	Sons	Inc.,	373	pp.	https://doi.org/10.1002/0471722146
Hutchinson,	 E.	 G.	 (1957).	 Concluding	 remarks.	 Cold Spring Harbor 




Modelling & Software,	 21,	 602–614.	 https://doi.org/10.1016/j.
envsoft.2006.01.004
Langhans,	S.	D.,	Reichert,	P.,	&	Schuwirth,	N.	 (2014).	The	method	mat-
ters:	 A	 guide	 for	 indicator	 aggregation	 in	 ecological	 assessments.	
Ecological Indicators,	 45,	 494–507.	 https://doi.org/10.1016/j.
ecolind.2014.05.014
Louhi,	 P.,	 Mäki-Petäys,	 A.,	 &	 Erkinaro,	 J.	 (2008).	 Spawning	 habitat	 of	
Atlantic	 salmon	 and	 brown	 trout:	 General	 criteria	 and	 intragravel	
factors.	River Research and Applications,	24(3),	330–339.	https://doi.
org/10.1002/(ISSN)1535-1467
Mostafavi,	H.,	 Pletterbauer,	 F.,	 Coad,	B.	W.,	Mahini,	A.	 S.,	 Schinegger,	




M.,	 &	 Martínez-Capel,	 F.	 (2011).	 Data-	driven	 fuzzy	 habitat	 suit-
ability	 models	 for	 brown	 trout	 in	 Spanish	 Mediterranean	 rivers.	
Environmental Modelling and Software,	 26(5),	 615–622.	 https://doi.
org/10.1016/j.envsoft.2010.12.001
Mouton,	 A.	 M.,	 De	 Baets,	 B.,	 &	 Goethals,	 P.	 L.	 M.	 (2010).	 Ecological	
relevance	 of	 performance	 criteria	 for	 species	 distribution	 models.	
Ecological Modelling,	 221,	 1995–2002.	 https://doi.org/10.1016/j.
ecolmodel.2010.04.017
Mouton,	A.	M.,	Schneider,	M.,	Depestele,	J.,	Goethals,	P.	L.	M.,	&	De	Pauw,	
N.	 (2007).	 Fish	 habitat	 modelling	 as	 a	 tool	 for	 river	 management.	
Ecological Engineering,	 29(3),	 305–315.	 https://doi.org/10.1016/j.
ecoleng.2006.11.002
Muñoz-Mas,	R.,	Martínez-Capel,	 F.,	Alcaraz-Hernández,	J.	D.,	&	Mouton,	
A.	 M.	 (2017).	 On	 species	 distribution	 modelling,	 spatial	 scales	
     |  5205BOETS ET al.
and	 environmental	 flow	 assessment	 with	 Multi-	Layer	 Perceptron	
Ensembles:	A	case	study	on	the	redfin	barbel	(Barbus haasi;	Mertens,	
1925).	 Limnologica,	 62,	 161–172.	 https://doi.org/10.1016/j.
limno.2016.09.004
Muñoz-Mas,	 R.,	 Martínez-Capel,	 F.,	 Schneider,	 M.,	 &	 Mouton,	 A.	 M.	
(2012).	 Assessment	 of	 brown	 trout	 habitat	 suitability	 in	 the	 Jucar	
River	 Basin	 (SPAIN):	 Comparison	 of	 data-	driven	 approaches	 with	
fuzzy-	logic	 models	 and	 univariate	 suitability	 curves.	 Science of 




A	case	study	on	northern	pike	 (Esox Lucius,	L.)	and	bleak	 (Alburnus 




trout	 (Salmo trutta	 L.)	 in	 the	 Belgian	Ardennes.	Hydrobiologia,	317,	
263–274.	https://doi.org/10.1023/A:1017068115183
Pearce,	 J.,	 &	 Ferrier,	 S.	 (2000).	 Evaluating	 the	 predictive	 perfor-
mance	 of	 habitat	 models	 developed	 using	 logistic	 regression.	
Ecological Modelling,	 133,	 225–245.	 https://doi.org/10.1016/
S0304-3800(00)00322-7
Phillips,	S.	J.,	Anderson,	R.	P.,	&	Schapire,	R.	E.	(2006).	Maximum	entropy	
modeling	 of	 species	 geographic	 distributions.	 Ecological Modelling,	
190,	231–259.	https://doi.org/10.1016/j.ecolmodel.2005.03.026
Poff,	N.	L.	 (1997).	Landscape	 filters	and	species	 traits:	Towards	mech-
anistic	 understanding	 and	 prediction	 in	 stream	 ecology.	 Journal of 
the North American Benthological Society,	16(2),	391–409.	https://doi.
org/10.2307/1468026
Raleigh,	R.	F.,	Zuckerman,	L.	D.,	&	Nelson,	P.	C.	(1986).	Habitat suitability 
models and instream flow suitability curves: Brown trout.	Biological	re-
port,	82	(10.124),	79	pp.
Romero,	 E.,	 Le	Gendre,	 R.,	Garnier,	 J.,	 Billen,	G.,	 Fisson,	C.,	 Silvestre,	







Shannon,	 C.	 E.	 (1948).	 The	 mathematical	 theory	 of	 communica-




southern	New	England	rivers.	Ecology of Freshwater Fish,	12(4),	265–
274.	https://doi.org/10.1046/j.1600-0633.2003.00022.x
Van	den	Neucker,	T.,	Gelaude,	E.,	Baeyens,	R.,	Jacobs,	Y.,	De	Maerteleire,	
N.,	 Robberechts,	 K.,	 …	 Coeck,	 J.	 (2013)	 Wetenschappelijke onders-









de Zwalm en zijbeken.	IBW.Wb.V.R.2005.148.	(in	Dutch)





suitability	curves	for	brown	trout	(Salmo trutta fario	L.)	 in	the	River	
Adda,	 Northern	 Italy:	 Comparing	 univariate	 and	 multivariate	 ap-
proaches.	 Regulated Rivers: Research & Management,	 17(1),	 37–50.	
https://doi.org/10.1002/(ISSN)1099-1646





How to cite this article:	Boets	P,	Gobeyn	S,	Dillen	A,	Poelman	
E,	Goethals	PLM.	Assessing	the	suitable	habitat	for	
reintroduction	of	brown	trout	(Salmo trutta forma fario)	in	a	
lowland	river:	A	modeling	approach.	Ecol Evol. 2018;8:5191–
5205. https://doi.org/10.1002/ece3.4022
